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(57) ABSTRACT

A graphite particle obtained by assembling or binding
together a plurality of flat-shaped particles so that the planes
ol orientation are not parallel to one another, or a graphite
particle 1n which aspect ratio 1s 5 or less or specific surface
area is 8 m*/g or less or the size of crystallite in the direction
of c-axis of the crystal is 500 A or more and the size of
crystallite in the direction of plane is 1,000 A or less as
measured by X ray broad angle diffraction, or a graphite
particle 1n which pore volume of the pores having a size
falling in a range of 10” to 10° A is 0.4 to 2.0 cc/g per weight
of graphite particle or pore volume of the pores having a size
falling in a range of 1x10” to 2x10* A is 0.08 to 0.4 cc/g per
weight of graphite particle 1s suitable for production of nega-
tive electrode of lithium secondary battery, and a lithium
secondary battery obtained therefrom 1s excellent 1n rapid
charge-discharge characteristics, cycle characteristics, etc.

3 Claims, 4 Drawing Sheets
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GRAPHITE PARTICLES AND LITHIUM
SECONDARY BATTERY USING THE SAME
AS NEGATIVE ELECTRODE

This application 1s a Divisional of application Ser. No.
11/655,880 filed Jan. 22, 2007 (now U.S. Pat. No. 7,399,533),
which 1s a Continuation of application Ser. No. 11/311,253
filed Dec. 20, 2005 (now U.S. Pat. No. 7,378,191), applica-
tion Ser. No. 11/311,252 filed Dec. 20, 2005 (now U.S. Pat.
No. 7,288,342), application Ser. No. 11/311,249, filed Dec.
20, 2005 (now U.S. Pat. No. 7,335,447), each of which 1s a
continuation application of application Ser. No.11/214,828
filed Aug. 31, 2005 now U.S. Pat. No. 7,410,727, which 1s a
Divisional application of application Ser. No. 10/150,107,
filed May 20, 2002 (now U.S. Pat. No. 6,953,640), which 1s a
Divisional application of application Ser. No.09/824,002,
filed Apr. 3, 2001 (now U.S. Pat. No. 6,447,936), which
application 1s a Divisional application of application Ser. No.
09/230,889, filed Feb. 2, 1999 (now U.S. Pat. No. 6,344,296),

which 1s a an Application under 35 USC 371 of International
application Serial No. PCT/JP97/02762, filed Aug. 7, 1997.

This application 1s also related to application Ser. No.
09/824,000 filed Apr. 3, 2001 (now U.S. Pat. No. 6,444,365).

TECHNICAL FIELD

This invention relates to a novel graphite particle, a process
for producing the same, a graphite paste using the graphite
particle, a negative electrode for lithium secondary battery
using the graphite paste, a process for producing the negative
clectrode, and a lithtum secondary battery. More particularly,
this invention relates to a lithtum secondary battery suitable
for use 1n portable mstruments, electric cars, electric power
storage, etc. and excellent in the rapid charge-discharge char-
acteristics, the cycle characteristics, etc., and to graphite par-
ticle for use as a negative electrode thereof, a process for
producing the graphite particle, a graphite paste using the
graphite particle, a negative electrode for lithium secondary
battery using the graphite paste, and a process for producing
the negative electrode.

BACKGROUND ART

As prior art graphite particles, natural graphite particle,
artificial graphite particle prepared by graphitization of coke,
artificial graphite particle prepared by graphitization of
organic polymeric material, pitch and the like, graphite par-
ticles prepared by pulverizing these graphites, etc. can be
referred to. These graphite particles are put to use as a nega-
tive electrode for lithium secondary battery by mixing a
graphite particle with an organic binder and an organic sol-
vent to prepare a graphite paste, coating a copper foil surface
with the graphite paste, and then evaporating the solvent. For
instance, 1t 1s intended 1n JP-B 62-23433 to eliminate the
problem of internal short-circuit caused by lithium dendrite
and to improve the cycle characteristics by using graphite as
negative electrode.

However, 1n the natural graphite particle in which graphite
crystals are well grown and 1n the artificial graphites prepared
by graphitization of coke, the iterlaminar bonding force in
the direction of c-axis of crystal 1s weaker than the bonding,
force 1n the crystal face direction, and therefore the bonding
between graphite layers 1s broken upon pulverization to form
the so-called “flake graphite” having a large aspect ratio. IT
the flake graphite particle having a great aspect ratio 1s
kneaded together with a binder and coated onto a current
collector to form an electrode, the flaky graphite particles are
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2

ortented 1n the plane direction of current collector. As 1ts
result, due to repeated occlusion of lithium into graphite
crystal and 1ts release, a strain arises in the direction of c-axis,
which causes an internal breakage of electrode. Thus, the
cycle characteristics are deteriorated and, in addition, the
rapid charge-discharge characteristics tend to become worse.

Further, prior art graphite particles having a large crystal-
lite size 1n the face direction requires a long period of time for
occlusion and release of lithium. Further, prior tlaky graphite
particles having a high aspect ratio have a great specific
surface area. Thus, the lithium secondary battery obtained
therefrom has a large irreversible capacity in the first cycle
and, 1n addition, such graphite particles are poor 1n adhesive-
ness to current collector so that a large quantity of binder 1s
needed. If the adhesiveness to current collector 1s not good,
the current-collecting effect 1s not good and discharge capac-
ity, rapid charge-discharge characteristics and cycle charac-
teristics are deteriorated. Thus, 1t 1s desired to develop a
graphite particle excellent 1n the rapid charge-discharge char-
acteristics and cycle characteristics, or small in the 1rrevers-
ible capacity in the first cycle and excellent 1n cycle charac-
teristics or small 1n the 1rreversible capacity 1n the first cycle
and capable of improving rapid charge-discharge character-
istics and cycle characteristics, 1n the form of a lithium sec-
ondary battery.

DISCLOSURE OF INVENTION

This invention provides graphite particles solving the prob-
lems mentioned above and suitable for use as a negative
clectrode of a lithium secondary battery excellent 1n rapid
charge-discharge characteristics and cycle characteristics.

This mvention further provides graphite particles suitable
for use as a negative electrode of lithium secondary battery
small 1n the 1rreversible capacity of the first cycle and excel-
lent 1n cycle characteristics.

This invention further provides a process for producing
graphite particles suitable for use as a negative electrode of a
lithium secondary battery which 1s excellent 1n rapid charge-
discharge characteristics and cycle characteristics, or small in
the 1rreversible capacity of the first cycle and excellent in
cycle characteristics, or small in the irreversible capacity of
the first cycle and excellent 1n the rapid charge-discharge
characteristics and cycle characteristics.

This invention further provides a graphite paste suitable for
use as a negative electrode of a lithium secondary battery
which 1s excellent 1n rapid charge-discharge characteristics
and cycle characteristics, or small in the 1irreversible capacity
of the first cycle and excellent 1n cycle characteristics, or
small 1n the 1rreversible capacity of the first cycle and excel-
lent 1n the rapid charge-discharge characteristics and cycle
characteristics.

This 1invention further provides a negative electrode of a
lithium secondary battery which has a high capacity, and 1s
excellent 1 the rapid charge-discharge characteristics and
cycle characteristics, or small in the irreversible capacity of
the first cycle and excellent 1n cycle characteristics, or small
in the 1rreversible capacity and excellent in the rapid charge-
discharge characteristics and cycle characteristics, and a pro-
cess for producing said negative electrode.

This invention further provides a lithtum secondary battery
which has a high capacity, and i1s excellent in the rapid charge-
discharge characteristics and cycle characteristics, or small in
the 1rreversible capacity of the first cycle and excellent in the
cycle characteristics, or small in the irreversible capacity of
the first cycle and excellent 1n the rapid charge-discharge
characteristics and cycle characteristics.
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The graphite particles of this invention have the following

characteristic features (1) to (6).

(1) Graphite particles obtained by assembling or binding
together a plurality of flat-shaped particles so that the
planes of orientation do not become parallel to one another.

(2) Graphite particles in which aspect ratio of the graphite
particle 1s 5 or less.

(3) Graphite particles in which specific surface area is 8 m*/g
or less.

(4) Graphite particles in which the size of crystallite 1n the
direction of c-axis (the direction of thickness) of the crystal
is 500 A or more and the size of crystallite in the direction
of plane is 1,000 A or less, both as measured by X ray broad
angle diffraction.

(5) Graphite particles in which pore volume of pores having a

size falling in the range of 10° A to 10° A 15 0.4 t0 2.0 cc/g
based on the weight of graphite particle.

(6) Graphite particles in which pore volume of pores having a
size falling in the range of 1x10” A to 2x10* A 15 0.08 t0 0.4
cc/g based on the weight of graphite particle.

This invention further relates to a process for producing
graphite particles described above characterized by mixing
together an aggregate (raw material) which can be graphi-
tized, graphite, a binder which can be graphitized, and 1 to
50% by weight of a graphitizing catalyst, followed by calci-
nation and pulverization of the mixture.

This 1invention further relates to a graphite paste obtained
by adding an organic binder and a solvent to the above-
mentioned graphite particles or graphite particles produced
by the above-mentioned process, and homogenizing the mix-
ture.

The negative electrode for the lithium secondary battery of
this invention 1s produced by the use of the above-mentioned-
graphite paste, and has the following characteristic features
(1) to (3).

(1) A negative electrode for a lithium secondary battery
obtained by coating the above-mentioned graphite paste
onto a current collector and forming an integrated body.

(2) A negative electrode for a lithium secondary battery
obtained by integrating a mixture of graphite particles and
organic binder and a current collector, wherein the pressed
and 1ntegrated mixture of graphite particles and organic
binder has a density of 1.5 to 1.9 g/cm”.

(3) A negative electrode for a lithium secondary battery
obtained by integrating a mixture of graphite particles and
organic binder and a current collector, wherein the content
of the organic binder 1s 3 to 20% by weight based on said
mixture.

This invention further relates to a process for producing the
negative electrode for lithium secondary battery of (2), char-
acterized by adding 1 to 50% by weight of a graphitizing
catalyst to an aggregate which can be graphitized or graphite
and a binder which can be graphitized, homogenizing the
mixture, calcining it, pulverizing it to obtain graphite par-
ticles, adding and mixing an organic binder and a solvent to
the graphite particles, coating the mixture onto a current
collector, and evaporating the solvent, followed by pressing
and integration.

Further, this invention relates to a lithium secondary bat-
tery comprising a casing, a cover, at least one pair of negative
and positive electrodes, said casing, cover and electrodes
being disposed through mtermediation of separators, and an
clectrolytic solution provided in the neighborhood of said
casing, cover and electrodes, wherein said negative electrode
1s produced by the use of the above-mentioned graphite par-
ticles.
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4
BRIEF DESCRIPTION OF DRAWINGS

FIGS. 1A and 1B are scanning electron microscopic pho-
tographs of the graphite particles of this invention, wherein
FIG. 1A 1s a photograph of the outer surface of the particle
and FIG. 1B 1s a photograph of a section of the particle.

FIG. 2 1s a partial sectional front view of a cylindrical
lithium secondary battery.

FIG. 3 1s a graph illustrating the relation between discharge
capacity and charge-discharge cycle number.

FI1G. 4 1s a graph illustrating the relation between discharge
capacity and charge-discharge current.

FIG. 5 1s an outlined view of an example of this invention
which 1s a lithium secondary battery used for measurement of
charge-discharge characteristics and 1rreversible capacity.

BEST MODE FOR CARRYING OUT TH
INVENTION

(L]

The graphite particles of this invention can be classified
into six according to characteristic feature thereof.

The first graphite particle of this invention 1s a graphite
particle in which a plurality of flat-shaped particles are
assembled or bound together so that the planes of orientation
thereol are not parallel to one another.

In this invention, the term “flat-shaped particle” means a
particle so shaped as to have a major axis and a minor axis,
namely so shaped as not to be a perfect sphere. For instance,
this include scale-shaped ones, flake-shaped ones and a part
of lump-shaped ones.

The term “planes of orientation are not parallel to one
another” 1n a plurality of tlat-shaped particles means a state
that a plurality of particles are assembled so that the planes of
orientation thereot are not arranged 1n one direction, when a
flat-shaped plane of each particle or, in other words, a plane
closest to flatness, 1s taken as a plane of orientation.

From the viewpoint of constituent material, the individual
flat-shaped particles are preferably made of a raw material
(aggregate) which can be graphitized or of graphite.

In the graphite particles mentioned above, the tlat-shaped
particles are assembled or bound together. The term “bound
together” means a state that particles are made to adhere to
cach other through intermediation of a binder or the like, and
the term “assembled” means a state that particles retain a form
of gathered body due to shapes thereof or the like, while each
particles are not made to adhere to each other through inter-
mediation of binder or the like. From the viewpoint of
mechanical strength, particles bound together are preferred.

The size of individual flat-shaped particles 1s preferably 1
to 100 um and further preferably 1 to 50 um, as expressed in
terms of mean particle diameter. It 1s preferable that this size
ol individual flat-shaped particles 1s 4 time or less as large as
the mean particle size of the assembled or bound together
graphite particle. In one graphite particle, the number of
assembled or bound-together tlat-shaped particles 1s prefer-
ably 3 or more. In this invention, the mean particle sizes can
be measured with a laser diffraction particle size distribution
meter.

I1 such graphite particles are used as a negative electrode,
the graphite crystals do not readily undergo orientation onto a
current collector, and lithium 1s readily occluded into the
graphite constituting negative electrode and readily released
therefrom. As a result, the rapid charge-discharge character-
1stics and cycle characteristics of the lithium secondary elec-
trode obtained therefrom can be improved.

FIGS. 1A and 1B are scanning electron microscopic pho-
tographs of an example of the graphite particles of this inven-
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tion, wherein FIG. 1A 1s a scanning electron microscopic
photograph of the outer surface of the graphite particle of this
invention, and FIG. 1B 1s a scanning electron microscopic
photograph of a section of the graphite particle. In FIG. 1A, it
can be observed that many flaky graphite particles are bound
together so that the planes of orientation thereof are not par-
allel to one another, to form a graphite particle.

The second graphite particle of this invention 1s a graphite
particle having an aspectratio of 5 or less. When this graphite
particle 1s used, orientation of particles on a current collector
1s difficult to realize, so that lithium 1s readily occluded and
released similarly to the above case.

The aspect ratio 1s preferably in the range of from 1.2 to 5.
When the aspect ratio 1s smaller than 1.2, contact area
between particles decreases, due to which conductivity
decreases. For the same reason as above, a more preferable
range of aspect ratio 1s 1.3 or more.

On the other hand, the upper limit of the aspect ratio 1s 5,
and pretferably 3 or less. When the aspect ratio 1s greater than
5, the rapid charge-discharge characteristics tend to be dete-
riorated. Thus, the most preferable value of the aspect ratio 1s

1.3 to 3.

If the length of graphite particle in the direction of major
axis 1s expressed by A and that 1n the direction of minor axis
1s expressed by B, an aspect ratio 1s expressed by A/B. In this
invention, aspect ratio 1s determined by magnifying graphite
particles under a microscope, selecting 100 graphite particles
at random, measuring A/B thereof, and calculating mean
value thereof.

Of the graphite particles having an aspect ratio of 5 or less,
an assembly or bound material of graphite particles having a
smaller size 1s preferable.

The third graphite particle of this mvention 1s a graphite
particle having a specific surface area of 8 m”/g or less. The
specific area is preferably 5 m*/g or less, more preferably
1.5-5 m*/g, and further preferably 2-5 m*/g. By using such a
graphite particle as a negative electrode, the rapid charge-
discharge characteristics and cycle characteristics of the
lithium secondary battery obtained therefrom can be
improved, and the 1rreversible capacity 1n the first cycle can
be decreased. If the specific surface area 1s greater than 8
m*~/g, the irreversible capacity of the first cycle of the lithium
secondary battery obtained therefrom 1s high and the energy
density 1s low, and further there 1s a problem that the prepa-
ration of negative electrode requires to use a large quantity of
binder. On the other hand, 1f, the specific surface area 1s
smaller than 1.5 m*/g, the rapid charge-discharge character-
1stics and cycle characteristics of the lithium secondary bat-
tery obtained therefrom tend to be deteriorated. The specific
surface area can be measured by known methods such as BET
method (nitrogen gas adsorption method) or the like.

The fourth graphite particle of this invention 1s a graphite
particle in which, as measured by X ray broad angle difirac-
tions the si1ze Lc of crystallite 1in the c-axis direction of crystal
(002) is 500 A or more and the size La of crystallite in the
plane direction (110) is 1,000 A or less. By using such a
graphite particle as a negative electrode, the rapid charge-
discharge characteristics and cycle characteristics of the
lithium secondary battery obtained therefrom can be
improved. The size Lc of crystallite 1n the c-axis direction of
crystal (002) 1s preferably in the range of from 1,000 to
100,000 A, provided that Lc (002) exceeding 3,000 A cannot
be determined accurately by means of x ray broad angle
diffraction, and the size La of crystallite 1n the crystal plane
direction (110) is preferably in the range of from 800 to 50 A.
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6

If s1ze Lc¢ (002) of crystallite 1n the c-axis direction 1s less
than 500 A orif'size La (110) of crystallite in the crystal plane
direction is greater than 1,000 A, charge capacity becomes
smaller.

In the fourth graphite particle, the interlaminar distance d
(002) of crystal measured by x ray broad angle diffraction of
graphite particle is preferably 3.38 A or less and further
preferably in the range of from 3.37 to 3.35 A. If the inter-
laminar distance d (002) of crystal exceeds 3.38 A, charge
capacity tends to decrease.

The fifth graphite particle of this invention 1s characterized

in that the pore volume of pores having a size falling in the
range of 10” to 10° A is 0.4 to 2.0 cc/g based on the weight of
graphite particle. By using such a graphite particle as a nega-
tive electrode, the expansion and contraction of electrode
upon charge and discharge are absorbed by the pores of
graphite particles, due to which the internal breakage of elec-
trode can be suppressed, which results in an improvement of
cycle characteristics of the lithium secondary battery
obtained thereirom. The pore volume of the pores having a
size falling in the range of 10° to 10° A is more preferably in
therange 01 0.4 to 1.5 cc/g, and further preferably in the range
010.6to 1.2 cc/g. If the total pore volume 1s less than 0.4 cc/g,
cycle characteristics are not good. 11 the total pore volume 1s
greater than 2.0 cc/g, a large quantity of binder 1s necessary
for integrating graphite particles and a current collector,
which decreases the capacity of the lithium secondary battery
produced. The pore volume can be determined by a pore
diameter distribution measurement using the mercury-poro-
simeter method. Pore size can also be determined by a pore
s1ze distribution measurement using the mercury-porosim-
eter method.
The sixth graphite particle of this invention 1s characterized
in that the pore volume of the pores having a size falling 1n the
range of 1x10” to 2x10* A is 0.08 to 0.4 cc/g based on the
weilght of graphite particle. If such a graphite particle 1s used
as a negative electrode, the expansion and contraction of
clectrode upon charge and discharge are absorbed by the
pores of graphite particle, due to which the internal breakage
of electrode can be suppressed, which results in an improve-
ment of cycle characteristics of the lithium secondary battery
obtained therefrom. The pore volume of the pores having a
size falling in the range of 1x10” to 2x10* A is more prefer-
ably 1n the range o1 0.1 to 0.3 cc/g. If the pore volume of the
pores having a size falling in this range 1s smaller than 0.08
cc/g, cycle characteristics are not good. It the pore volume of
the pores having a size falling 1n this range 1s greater than 4
cc/g, a large quantity of binder i1s necessary for integrating
graphite particles and a current collector, which decreases the
capacity of lithium secondary battery obtained therefrom.
The pore volume of the pores having a size falling in this
range can also be determined by a pore diameter distribution
measurement by the mercury-porosimeter method.

In the above-mentioned second to sixth graphite particles
of this invention, 1t 1s preferable that the graphite particle has
the characteristic feature of the first graphite particle, namely
that the graphite particle 1s a graphite particle 1n which a
plurality of flat-shaped particles are assembled or bound
together so that the planes of orientation are not parallel to one
another. If such a graphite particle 1s used as a negative
clectrode, orientation of the graphite crystals on a current
collector cannot be realized readily and occlusion of lithium
into negative electrode graphite and its release from the nega-
tive electrode graphite are facilitated, and the rapid charge-
discharge characteristics and cycle characteristics of the
lithium secondary battery obtained therefrom can further be
improved.
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It 1s also preferable that the first graphite particle and the
third to sixth graphite particles of this mvention have the
characteristic feature of the second graphite of this imnvention,
namely that they have an aspect ratio of 5 or less, because
thereby orientation of particles on a current collector 1s made
difficult to realize and the occlusion and release of lithium are
tacilitated similarly to the above. Aspect ratio of the graphite
particle 1s more preferably 3 or less. Lower limit of the aspect
ratio 1s preferably 1.2 or more and further preferably 1.3 or
more.

It 1s also preferable that the first and second graphite par-
ticles and the fourth to sixth graphite particles of this mven-
tion have the characteristic feature of the third graphite par-
ticle of this invention, namely that they have a specific surface
area of 8 m”/g or less, more preferably 5 m*/g or less and
further preferably 2 to 5 m*/g. There is a tendency that, if the
specific surface area increases, the irreversible capacity
increases and energy density of the lithium secondary battery
prepared therefrom decreases. There 1s also a tendency that, 1f
the specific surface area increases, not only the 1rreversible
capacity of the lithium secondary battery prepared therefrom
increases, but the quantity of binder necessary for preparation
of negative electrode also increases.

Further, 1n the first to third graphite particles and the fifth
and sixth graphite particles of this invention, the interlaminar
distance d (002) of crystal measured by X ray broad angle
diffraction of graphite powder should preferably be 3.38 A or
less and more preferably 3.37 A or less, because a smaller
interlaminar distance d (002) gives a higher discharge capac-
ity. On the other hand, the size of crystallite 1n the c-axis
direction Lc (002) should preferably be 500 A or more and
further preferably 1,000 A or more, because a greater Lc
(002) gives a higher discharge capacity.

Further, 1t 1s preferable that the first to fourth graphite
particles of this invention have the characteristic feature of the
fifth and sixth graphite particles of this invention, namely that
they have a pore volume corresponding to a pore of specified
s1ze, because thereby the expansion and contraction of elec-
trode upon charge and discharge can be absorbed by the pores
of graphite particles, due to which internal breakage of elec-
trode can be suppressed and as its result the cycle character-
istic of the lithium secondary battery can be improved.

In this invention, the size of the first to sixth graphite
particles 1s preferably 1 to 100 um and more preferably 10 to
50 um, as expressed in terms of mean particle diameter.

Although the method for making the above-mentioned
graphite particles fulfil the above-mentioned characteristic
teatures 1s not particularly limited, such graphite particles can
be obtained by adding and mixing 1 to 50% by weight of a
graphitizing catalyst into a mixture of a raw material which
can be graphitized or graphite and a binder which can be
graphitized, followed by calcination and pulverization. By
such a procedure, pores are formed in the spaces from which
the graphitizing catalyst has been eliminated, and thereby
good characteristic properties can be given to the graphite
particle of this invention. The quantity of the graphitizing
catalyst 1s preferably 3 to 20% by weight.

Further, each of the above-mentioned graphite particles
can also be prepared by appropriately selecting the method
for mixing graphite or aggregate with a binder, the mixing
ratio such as quantity of binder, etc., and the conditions of
pulverization aiter calcination.

As the raw material which can be graphitized, coke pow-
der, carbonized product of resins, etc. can be used, and any
powdery materials may be used without limitation, so far as
the powdery materials can be graphitized. Among these pow-
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dery materials, coke powders which can easily be graphitized,
such as needle coke and the like, are preferable.

As the graphite, natural graphite powder, artificial graphite
powder and the like can be used. Any graphite can be used so
far as 1t 1s powdery. Preferably, the raw material which can be
graphitized and the graphite have a particle diameter smaller
than that of the graphite particle produced according to this
invention.

As the graphitizing catalyst, metals such as 1ron, nickel,
titamium, silicon, boron and the like, carbides thereof and
oxides thereol can be used. Of these graphitizing catalysts,
carbides and oxides of silicon or boron are preferred.

Mean particle diameter of the graphitizing catalyst 1s pred-
erably 150 um or less, more preferably 100 um or less, and
turther preferably 350 um or less. When the mean particle
diameter exceeds 150 um, growth of crystals tends to be
uneven and discharge capacity tends to be uneven.

The graphitizing catalystis added 1n an amount of 1 to 50%
by weight, preferably 5 to 40% by weight and more prefer-
ably 5 to 30% by weight, based on the graphite particle
obtained. If the amount of graphitizing catalyst 1s less than
1% by weight, growth of graphite crystals 1s unsatisfactory
and at the same time pore volume 1n the graphite particles
tends to become small. On the other hand, if the amount of
graphitizing catalyst 1s larger than 50% by weight, workabil-
ity 1s deteriorated and at the same time pore volume 1n the
graphite particles tend to become too large.

As the binder, organic materials such as tar, pitch, thermo-
setting resins, thermoplastic resins and the like are preferable.
The amount of binder to be compounded 1s preferably 3 to
80% by weight, more preferably 10 to 80% by weight, and
turther preferably 15 to 80% by weight, based on flat-shaped
raw material which can be graphitized or graphite. If the
amount of the binder i1s too large or too small, there 1s a
tendency that aspect ratio and specific surface area of the
graphite particle obtained become too great.

The method for mixing together an aggregate which can be
graphitized or a graphite and a binder 1s not particularly
limited, and the mixing 1s carried out by means of a kneader.
Preferably, the mixing 1s carried out at a temperature not
lower than softening point of the binder. Concretely saying,
the mixing 1s preferably carried out at 50 to 300° C. when the
binder 1s pitch, tar or the like, and at 20 to 100° C. when the
binder 1s a thermo-setting resin.

Subsequently, the mixture obtained above 1s calcined to
perform a graphitizing treatment. If desired, the mixture may
be formed 1nto a desired shape before the graphitizing treat-
ment. Further, 1f desired, the formed mixture may be pulver-
1zed before graphitizing treatment to adjust the particle diam-
eter to a desired value. The calcination 1s preferably carried
out under a condition where the mixture 1s difficult to oxidize.
For instance, the calcination 1s carried out in an atmosphere of
nitrogen or argon gas or in vacuum. Temperature of the
graphitization 1s preferably 2,000° C. or above, more prefer-
ably 2,500° C. or above, and further preferably 2,800° C. to
3,200° C.

I1 the temperature of graphitization 1s low, graphite crystals
cannot grow satisfactorily and the graphitizing catalyst tends
to remain 1n the graphite particles. I the graphitizing catalyst
remains in the graphite particles prepared, discharge capacity
decreases. 11 the temperature of graphitization 1s too high,
sublimation of graphite can occur.

It 1s preferable to pulverize the thus obtained graphitized
product in the subsequent step. The method for pulverization
of the graphitized product 1s not particularly limited, but
known means such as jet mill, vibration mill, pin mill, ham-
mer mill and the like may be used. Mean particle diameter
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after the pulverization 1s preferably 1 to 100 um, and more
preferably 10 to 50 um. If the mean particle diameter 1s too
great, there 1s a tendency that irregularities can readily be
formed on the surface of electrode.

In this 1nvention, the above-mentioned graphite particles 1
to 6 can be obtained via the steps mentioned above.

The graphite paste of this invention 1s produced by mixing
the graphite particles mentioned above with an organic
binder, a solvent, etc.

As said organic binder, polyethylene, polypropylene, eth-
ylene-propylene terpolymer, butadiene rubber, styrene-buta-
diene rubber, butyl rubber, polymeric compounds having a
high 10onic conductivity, and the like can be used.

As said polymeric compounds having a high 1onic conduc-
tivity, polyvinylidene fluoride, polyethylene oxide, poly-
epichlorohydrin, polyphosphazene, polyacrylonitrile and the
like can be used.

Of these organic binders, polymeric compounds having a
high 1onic conductivity are preferred, and polyvinylidene
fluoride 1s especially preferred.

Mixing ratio between the graphite particles and the organic
binder 1s preferably 3 to 10 parts by weight of organic binder
per 100 parts by weight of graphite particles.

The solvent 1s not particularly limited. Organic solvents
such as N-methyl-2-pyrrolidone, dimethylformamide, 1so-
propanol and the like are used.

The amount of the solvent 1s not particularly limited, but 1t
may be any amount so far as the graphite paste can be adjusted
to a desired viscosity. Preterably, 30 to 70% by weight of
solvent 1s used based on graphite paste.

The negative electrode for lithium secondary battery ofthis
invention 1s roughly classified into three types according to
characteristic features.

The first negative electrode for lithium secondary battery
of this invention 1s characterized by using one of the above-
mentioned graphite particles. This negative electrode for
lithium secondary battery can be obtained by forming the
graphite paste 1into a shape of sheet, pellet, etc.

The graphite paste 1s coated onto a current collector and
integrated together with the current collector to form a nega-
tive electrode.

As the current collector, metallic current collectors such as
a To1l or a mesh of nickel, copper or the like can be used. The
integration can be performed by a molding method using a
roll, a press or the like or by combination of these means.

The second negative electrode for lithtum secondary bat-
tery of this mvention 1s characterized 1n that a mixture of
graphite particles and an organic binder 1s integrated together
with a current collector and, after the integration, the mixture
ol graphite particles and binder has a density of 1.5 to 1.9
g/cm’, preferably 1.55 to 1.85 g/cm”, more preferably 1.6 to
1.85 g/cm’, and further preferably 1.6 to 1.8 g/cm®. By
enhancing the density of the mixture of graphite particles and
binder constituting the negative electrode of this invention,
the lithium secondary battery obtained from the negative
clectrode can have an increased energy density per volume. If
density of the mixture of graphite particles and organic binder
exceeds 1.9 g/cm”, the rapid charge-discharge characteristics
are deteriorated. If the density is less than 1.5 g/cm’, the
lithium secondary battery obtained therefrom has a decreased
energy density.

The graphite particle used in the second negative electrode
for Iithium secondary battery of this mnvention may be any
graphite so far as 1ts density can be designed so as to fall in the
above-mentioned range. Materials other than the above-men-
tioned graphite particles of this mmvention such as natural
graphite and the like are also usable. Of all these graphite
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particles, however, the above-mentioned graphite particles of
this invention are especially preferred because the use of the
graphite particles of this mmvention makes 1t possible to
improve the discharge capacity, rapid charge-discharge char-
acteristics and cycle characteristics when density of negative
clectrode of lithtum secondary electrode prepared therefrom
1s enhanced.

The kinds of organic binder, current collector and solvent
used 1n the second negative electrode for lithtum secondary
battery of this invention and mixing ratios oi these mngredients
may be the same as those 1n the first negative electrode for
lithium secondary battery of this invention.

In order to make the density of the mixture of graphite
particles and organic binder after integration fall 1n the above-
mentioned range, 1t 1s preferable to carry out the integration of
current collector and the mixture of graphite particles and
organic binder while applying a pressure. The pressure may
be applied by means of a roll, a press, etc.

The third negative electrode for lithium secondary battery
of this invention 1s characterized in that the amount of the
organic binder 1s 3 to 20% by weight and preferably 11 to 20%
by weight based on the weight of the mixture of graphite
particles and organic binder. By adjusting the amount of the
organic binder so as to fall in such a range, discharge capacity
of the negative electrode for lithtum secondary battery per
weight of the mixture can be made high. The amount of the
organic binder 1s more preferably 12 to 16% by weight based
on the weight of the mixture of graphite particles and organic
binder. If the amount of the organic binder 1s less than 3% by
weight, bonding forces between graphite particles and
between graphite particle and current collector are weak, due
to which resistance 1s high at interfaces thereof, conductivity
of the lithium secondary battery prepared 1s low, and the
discharge capacities per weight of graphite particles and per
weilght of the mixture of graphite particles and organic binder
are low. Further, the graphite particles are expanded and con-
tracted upon charge and discharge. Accordingly, when charge
and discharge are repeated, a breakage becomes readily
occurring between graphite particles and between graphite
particle and current collector, due to which cycle character-
1stics are deteriorated. On the other hand, when the amount of
the organic binder exceeds 20% by weight, a large quantity of
organic binder of low conductivity exists between graphite
particles and between graphite particle and current collector,
due to which electrical conductivity of negative electrode
decreases, discharge capacity per weight of graphite particle
decreases, and as 1ts result discharge capacity per weight of
the mixture of graphite particles and organic binder
decreases. Further, since the organic binder 1s not charged nor
discharged, addition of an organic binder 1n an amount
exceeding 20% by weight makes the amount of graphite
particles 1n the mixture so small as less than 80% by weight,
due to which the discharge capacity per weight of the mixture
of graphite particles and organic binder becomes small.

The use of the above-mentioned graphite particles of this
invention as the graphite particle of the third negative elec-
trode for lithtum secondary battery of this invention 1s pret-
erable because, when the negative electrode of the lithium
secondary battery prepared therefrom 1s made to have a high
density, discharge capacity, rapid charge-discharge character-
istics and cycle characteristics can be improved thereby.

The kinds of organic binder, current collector and solvent
used 1n the third negative electrode for lithtum secondary
battery of this invention, the mixing ratio of these mngredients
and the molding conditions of the current collector and the
mixture may be the same as those 1n the first negative elec-
trode for lithtum secondary battery of this invention. Like in




US 7,700,239 B2

11

the second negative electrode for lithium secondary battery,
the molding conditions are preferably selected so as to give a
density of 1.5to 1.9 g/cm’ to the integrated mixture of graph-
ite particles and binder.

Each of the negative electrodes for lithium secondary bat-
tery 1s disposed so as to confront a positive electrode through
intermediation of a separator, aiter which an electrolytic solu-
tion 1s poured. By such a procedure, there can be prepared a
lithium secondary battery which 1s higher in capacity, more
excellent 1n rapid charge-discharge characteristics and cycle
characteristics and smaller 1n 1rreversible capacity than prior
lithium secondary batteries.

The material used as a positive electrode of the lithium
secondary battery of this invention 1s not particularly limited,
and LiN10,,, L1CoO,, LiMn,O,, and the like can be used either
alone or 1n the form of mixture.

As the electrolytic solution, the so-called organic electro-
lytic solutions prepared by dissolving a lithium salt such as
L1C10,, LiPF, LiAsF,, LiBF,, LiSO,CF, and the like 1n a
non-aqueous solvent such as ethylene carbonate, diethyl car-
bonate, dimethoxyethane, dimethyl carbonate, tetrahydrofu-
ran, propylene carbonate and the like can be used.

As the separator, for instance, unwoven cloths, cloths,
micro-porous films and combinations thereof using a poly-
olefin such as polyethylene, polypropylene or the like as a
main component can be used.

FIG. 2 illustrates a partial sectional front view of one
example of a cylindrical lithium secondary battery; wherein 1
1s positive electrode, 2 1s negative electrode, 3 1s separator, 4
1s positive electrode tab, 5 1s negative electrode tab, 6 1s
positive electrode 11d, 7 1s battery can, and 8 1s gasket.

Next, this invention 1s explained by referring to examples
and, according to the need, drawings.

Examples 1-7 are examples 1n which the first, second and
third graphite particles of this invention are used as the graph-
ite particle, and the first negative electrode for lithium sec-
ondary battery of this invention 1s used as the negative elec-
trode material for lithium secondary battery.

EXAMPLE 1

(1) Preparation of Graphite Particles

Seventy parts by weight of coke powder having a mean
particle diameter of 10 um, 20 parts by weight of tar pitch, 10
parts by weight of iron oxide and 20 parts by weight of coal tar
were mixed together and stirred at 100° C. for one hour. The
mixture was calcined at 2,800° C. in an atmosphere of nitro-
gen and then pulverized to obtain graphite particles having a
mean particle diameter of 20 um. According to a scanning,
clectron microscopic photograph (SEM photograph) of the
graphite particles thus obtained, the graphite particles had a
structure 1n which a plurality of flat-shaped particles were
bound together so that the planes of orientation were not
parallel to one another. One hundred particles were selected at
random from the graphite particles thus obtained, and a mean
value of their aspect ratios was measured. As a result, the
mean value was 1.8. In a X ray broad angle diffraction of the
graphite particles thus obtained, the iterlaminar distance d
(002) of the crystal was 3.360 A, and the size of crystallite Lc
(002) was 1,000 A or more. The specific surface area was 3.5
m~/g as measured by BET method.

(2) Preparation of Lithium Secondary Battery

A lithium secondary battery having the shape shown 1n
FIG. 2 was prepared in the following manner. As a positive
clectrode active material, 88% by weight of LiCoO, was
used. As an electroconductive material, 7% by weight of a
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flaky natural graphite having a means particle diameter of 1
um was used. As a binder, 3% by weight of polyvinylidene
fluoride (PVDF) was used. To these materials was added
N-methyl-2-pyrrolidone (its amount was 50% by weight
based on the paste, hereinafter the same), and the mixture was
homogenized to obtain a paste as a mixture for forming a
positive electrode. In the same manner as above, a negative
clectrode active material was prepared by adding 10% by
weight of PVDF as a binder to 90 parts by weight of the
graphite powder obtained in (1). By adding thereto N-methyl-
2-pyrrolidone (its amount was 50% by weight of the paste,
hereinafter the same) and homogenizing the mixture, there
was obtained a paste of a mixture for forming a negative
clectrode.

Subsequently, the paste of the mixture for forming a posi-
tive electrode, mentioned above, was coated onto both sides
of an aluminum foil having a thickness of 25 um and dried 1n
vacuum at 120° C. for one hour. After dryness, an electrode
was press-formed therefrom by means of roller press so as to
have a thickness of 190 um. The amount of coating of the
mixture for forming a positive electrode per unit area was 49
mg/cm”. It was cut into a size having a width of 40 mm and a
length of 285 mm to prepare a positive electrode 1, provided
that both terminal portions (each 10 mm in length) of the
positive electrode 1 had no coating of the mixture for forming
a positive electrode, so that the aluminum foil was exposed 1n
these portions. To one of the exposed aluminum foil portions,
positive tab 4 was contact-bonded by the ultrasonic bonding
method.

On the other hand, the paste of mixture for forming a
negative electrode was coated on both sides of a copper foil
having a thickness of 10 um and vacuum-dried at 120° C. for
one hour. After dryness, an electrode was press-formed there-
from by means of a roller press and thickness was adjusted to
1’75 um. The coating amount of the mixture for forming a
negative electrode per unit area was 20 mg/cm?, which was
cut into a size of 40 mm 1n width and 290 mm 1n length to
prepare negative electrode 2. Like the positive electrode 1,
both terminal portions, each having a length of 10 mm, of the
negative electrode 2 had no coating of the mixture for forming
negative electrode, so that the copper fo1l was exposed. To one
ol the exposed copper foil portions, a negative electrode tab 5
was contact-bonded by means of ultrasonic wave.

As separator 3, a polyethylene-made micro-porous film
having a thickness of 25 um and a width of 44 mm was used.
Then, as shown 1n FIG. 2, positive electrode 1, separator 3,
negative electrode 2 and separator 3 were successively piled,
and the laminate thus obtained was rolled to prepare an elec-
trode group. The electrode group was inserted into a battery
can 7 of Single-3 size, a negative electrode tab 5 was bonded
to the can bottom by welding, and a squeezed part was pro-
vided for caulking a positive electrode lid 6. Then, an elec-
trolytic solution prepared by dissolving 1 mol/liter of lithium
hexafluorophosphate in 1:1 mixture of ethylene carbonate
and dimethyl carbonate (not shown in the drawing) was
poured 1nto the battery can 7, a positive electrode tab 4 was
bonded to positive electrode lid 6 by welding, and then the
positive electrode lid 6 was caulked to obtain a lithitum sec-
ondary battery.

On the lithium secondary battery thus obtained, charge and
discharge were repeated at a charge-discharge current of 300
mA, a final charge voltage of 4.15 V and a final discharge
voltage o1 2.8 V. Further, arapid charge-discharge was carried
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out while changing the charge-discharge current 1n a range of
from 300 mA to 900 mA. The results are shown 1n FIG. 3 and

FIG. 4.

EXAMPLE 2

Seventy parts by weight of coke powder having a mean
particle diameter of 10 um, 10 parts by weight of tar-pitch, 2
parts by weight of iron oxide and 20 parts by weight of coal tar
were mixed together and stirred at 100° C. for one hour.
Subsequently, the mixture was calcined in an atmosphere of
nitrogen at 2,800° C. and then pulverized to obtain graphite
particles having a mean particle diameter of 20 um. An exami-
nation of the graphite particles thus obtained under an elec-
tron microscope revealed that a plurality of flat-shaped par-
ticles were assembled or bound together so that the planes of
orientation thereof were not parallel to one another to form a
graphite particle. One hundred particles were at random
selected from the graphite particles, and mean value of aspect
ratios thereof was determined to obtain a result of 4.8. X ray
broad angle diffraction of the graphite particle thus obtained
revealed that the iterlaminar distance d (002) of the crystal
was 3.363 A and the size of crystallite Lc (002) was 1,000 A
or more. As measured by BE'T method, the specific area was
4.3 m*/g.

A lithium secondary battery was prepared from the graph-
ite particles thus obtamned by the same procedure as 1n
Example 1, and battery characteristics thereof were examined
in the same manner as 1n Example 1. The results are shown 1n

FIG. 3 and FIG. 4.

EXAMPL!

(Ll
(o

A coke powder having a mean particle diameter of 20 um
was calcined in an atmosphere of nitrogen at 2,800° C. to
obtain graphite particles having a mean particle diameter of
20 um. The graphite particles thus obtained constituted a
flaky graphite having a mean aspect ratio of 6, a specific

surface area of 11 m*/g, an interlaminar distance d (002) in
crystal of 3.365 A and a crystallite size Lc (002) of 800 A.

The flaky graphite thus obtained was made 1nto a lithium
secondary battery via the same processes as 1 Example 1,
and the battery characteristics thereof were examined in the

same manner as 1n Example 1. The results are shown 1n FIG.
3 and FIG. 4.

The lithium secondary batteries obtained in Examples 1, 2
and 3 of this invention were compared with one another on
occlusion and release of lithtum. The results were as men-
tioned below. FIG. 3 1s a graph illustrating the relation
between discharge capacity and charge-discharge cycle num-
ber 1n a repeated charge-discharge test of lithium secondary
battery. In FIG. 3, Curve 9 depicts the discharge capacity of
the lithium secondary battery obtained 1n Example 1; Curve
10 expresses discharge capacity of the lithium secondary
battery obtained 1n Example 2; and Curve 11 expresses dis-
charge capacity of the lithium secondary battery obtained 1n
Example 3.

In FIG. 3, the lithhum secondary battery obtained in
Example 1 shows a highest discharge capacity of 750 mAh,
and the capacity decrease rate of the discharge capacity in the
500th cycle based on the highest capacity 1s 8%. The lithium
secondary battery obtained in Example 2 shows a highest
discharge capacity of 720 mAh, and the capacity decrease
rate of the discharge capacity 1n the 500th cycle based on the
highest capacity 1s 12%. The lithium secondary battery
obtained 1n Example 3 shows a highest discharge capacity of

10

15

20

25

30

35

40

45

50

55

60

65

14

650 mAh, and the capacity decrease rate of the discharge
capacity 1n the 500th cycle based on the highest capacity 1s
31%.

FIG. 4 1llustrates the relation between charge-discharge
current and discharge capacity in a rapid charge-discharge
test. Curve 12 depicts discharge capacity of the lithium sec-
ondary battery obtained 1n Example 1; Curve 13 expresses
discharge capacity of the lithium secondary battery obtained
in Example 2; and Curve 14 expresses discharge capacity of
the lithium secondary battery obtained 1n Example 3. At a
charge-discharge current of 900 mA, the lithium secondary
battery obtained 1n Example 1 shows a discharge capacity of
630 mAh and the lithium secondary battery obtained in
Example 2 shows a discharge capacity of 520 mAh. On the
other hand, the lithium secondary battery obtained 1n
Example 3 shows a discharge capacity of 350 mA. At a
charge-discharge current of 300 mAh, capacity decrease rate
based on discharge capacity 1s 16% 1n the lithtum secondary
battery obtained in Example 1, 28% 1n that obtained in
Example 2, and 46% in that obtained 1n Example 3.

Based on the results of tests of Examples 1, 2 and 3, 1t has
been confirmed that the lithium secondary batteries using the
first, second and third graphite particles of this invention are
high in capacity and excellent 1n the charge-discharge cycle
characteristics, and have good rapid charge-discharge char-
acteristics.

EXAMPLE 4

Fifty parts by weight of a coke powder having a mean
particle diameter of 10 um, 20 parts by weight of tar pitch, 10
parts by weight of silicon carbide and 20 parts by weight of
coal tar were mixed together and stirred at 100° C. for one
hour. The mixture was calcined 1in an atmosphere of nitrogen
at 2,800° C. and then pulverized to obtain graphite particles
having a mean particle diameter of 20 um. One hundred
particles were selected therefrom at random, and mean aspect
ratio thereof was measured to obtain a result of 1.5. As mea-
sured by BET method, specific surface area of the graphite
particles thus obtained was 2.9 m*/g. As measured by X ray
broad angle diffraction, interlaminar distance d (002) of the
crystal thereof was 3.360 A, and crystallite size Lc (002) was
1,000 A or above. According to a scanning electron micro-
scopic photograph (SEM photograph), the graphite particles
thus obtained had a structure in which a plurality of flat-
shaped particles were assembled or bound together so that the
planes of orientation were not parallel to one another.

Subsequently, 90% by weight of the graphite particle thus
obtained was kneaded together with 10% by weight (weight
of solid component) of polyvinylidene fluoride dissolved 1n
N-methyl-2-pyrrolidone to obtain a graphite paste. The
graphite paste was coated onto a rolled copper foil having a
thickness of 10 um, dried and compression-molded under a
surface pressure of 490 MPa (0.5 ton/cm?) to obtain a sample
clectrode. Thickness of graphite particle layer and density
thereof were adjusted to 75 um and 1.5 g/cm’, respectively.

The sample electrode thus prepared was subjected to a
constant current charge-discharge test by the 3-terminals
method to evaluate 1ts performance as a negative electrode for
lithium secondary battery. FIG. 5 1s an outlined view of the
lithium secondary battery. The sample electrode was evalu-
ated by preparing an electrolytic solution 16 consisting of
L1PF, dissolved 1n 1:1 (by volume) mixture of ethylene car-
bonate (EC) and dimethyl carbonate (DMC), concentration
of LiPF, 1n said solution being 1 mol/liter, introducing the
resulting solution into a glass cell 15 as shown 1 FIG. 5,
laminating a sample electrode (negative electrode) 17, a sepa-




US 7,700,239 B2

15

rator 18 and a counter electrode (positive electrode) 19, and
hanging a reference electrode 20 up-to-down to prepare a
lithium secondary battery. Metallic lithium was used as the
counter electrode 19 and the reference electrode 20; and a
micro-porous polyethylene film was used as the separator 18.
Using the lithium secondary battery thus obtained, charging
at a constant current of 0.3 mA/cm® (per area of sample
clectrode) was carried out until the voltage between sample
clectrode 17 and counter electrode 19 reached 5 mV (Vvs.
[.1/L.17) and then discharging was carried out until the voltage
reached 1V (Vvs. Li/Li"), and this cycle was repeated to
make a test. Table 1 1llustrates the charge capacity per unit
weight of graphite particles, the discharge capacity per unit
weight of graphite particles and the 1rreversible capacity in
the first cycle, and the discharge capacity per unit weight of
graphite particles in the S0th cycle. Further, as an evaluation
of the rapid charge-discharge characteristics, Table 2 1llus-
trates the change 1n discharge capacity 1n an experiment of
charging at a constant current of 0.3 mA/cm® followed by

discharging at a varied discharge current of 0.3, 2.0, 4.0 and
6.0 mA/cm?.

EXAMPLE 5

Fifty parts by weight of coke powder having a mean par-
ticle diameter of 10 um, 10 parts by weight of tar pitch, 5 parts
by weight of silicon carbide and 10 parts by weight of coal tar
were mixed together and stirred at 100° C. for one hour. The
mixture was calcined in an atmosphere of nitrogen at 2,800°
C. and pulverized to obtain graphite particles having a mean
particle diameter of 20 um. One hundred particles were
selected therefrom at random, and the mean value of aspect
ratio was calculated to obtain a result o14.5. As measured by
BET method, specific surface area of the graphite particles
thus obtained was 4.9 m*/g. As measured by X ray broad
angle diffraction, the inter-laminar distance d (002) of the
graphite crystal was 3.362 A, and the size of crystallite Lc
(002) was 1,000 A or above. The graphite particles obtained
herein had a structure 1n which a plurality of flat-shaped
particles were assembled or bound together so that the planes
of orientation thereof were not parallel to one another.

Thereafter, the procedure of Example 4 was repeated to
obtain a lithtum secondary battery, which was then tested 1n
the same manner as 1n Example 4. Table 1 illustrates the
charge capacity per unit weight of graphite particles, the
discharge capacity per unit weight of graphite particles and
the 1rreversible capacity in the first cycle, and the discharge
capacity per unit weight of graphite particles in the 50th cycle.
Furthers as an evaluation of rapid charge-discharge charac-
teristics, Table 2 1llustrates the change 1n discharge capacity
in an experiment of charging at a constant current of 0.3
mA/cm® followed by discharging at a varied discharge cur-

rent of 0.3, 2.0, 4.0 and 6.0 mA/cm~.

EXAMPLE 6

Fifty parts by weight of a coke powder having a mean
particle diameter of 10 um, 5 parts by weight of a tar pitch and
S parts by weight of a coal tar were mixed together and stirred
at 100° C. for one hour. The mixture was calcined 1n an
atmosphere ol nitrogen at 2,800° C. and pulverized to obtain
graphite particles having a mean particle diameter of 20 um.
One hundred particles were selected therefrom at random,
and mean value of aspect ratio thereof was determined to
obtain a result of 5. As measured by BET method, specific
surface area of the graphite particle thus obtained was 6.3
m~/g. As measured by X ray broad angle diffraction, the
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interlaminar distance d (002) of the crystal was 3.368 A, and
the size of crystallite Lc (002) was 700 A. The graphite

particles thus obtained had a structure 1n which a plurality of
flat-shaped particles were assembled or bound together so
that the planes of orientation were not parallel to one another.

Thereatter, the procedure of Example 4 was repeated to
prepare a lithium secondary battery, and it was tested in the
same manner as 1n Example 4. Table 1 1llustrates the charge
capacity per unit weight of graphite particles, the discharge
capacity per unit weight of graphite particles and the irrevers-
ible capacity 1n the first cycle, and the discharge capacity per
unit weight of graphite particles 1n the 50th cycle. Further, as
an evaluation of rapid charge-discharge characteristics, Table
2 1llustrates the change 1n discharge capacity in an experiment
of charging at a constant current of 0.3 mA/cm? followed by

discharging at a varied discharge current of 0.3, 2.0, 4.0 and
6.0 mA/cm”.

EXAMPLE 7

A coke powder having a mean particle diameter of 22 um
was calcined 1n an atmosphere of nitrogen at 2,800° C. to
obtain graphite particles having a mean particle diameter of
20 um. The graphite particles thus obtained constituted a
flaky graphite having a mean aspect ratio of 7 and a specific
surface area of 8.5 m*/g as measured by BET method. The
interlaminar distance d (002) of the crystal was 3.368 A and
crystallite size Lc (002) was 800 A, as measured by X ray
broad angle diffraction.

The procedure of Example 4 was repeated to obtain a
lithium secondary battery, and the battery performance was
examined in the same manner as i Example 4. Table 1
illustrates the charge capacity per unit weight of graphite
particles, the discharge capacity per unit weight of graphite
particles and the irreversible capacity in the first cycle, and the
discharge capacity per unit weight of graphite particles in the
S50th cycle. Further, as an evaluation of rapid charge-dis-
charge characteristics, Table 2 i1llustrates the change in dis-
charge capacity in an experiment of charging at a constant

current of 0.3 mA/cm” followed by discharging at a varied
discharge current of 0.3, 2.0, 4.0 and 6.0 mA/cm?.

TABLE 1
Example Example Example Example
4 5 6 7
First Charge capacity 370 375 363 366
cycle (mAh/g)
Discharge 335 325 302 294
capacity
(mAh/g)
[rreversible 9.5 13.3 16.8 19.7
capacity (%o)
Discharge capacity of 320 300 265 220
the 50th cycle (mAh/g)
TABLE 2
Exam- Exam- Exam- Exam-
ple 4 ple 5 ple 6 ple 7
Charge capacity At a discharge
(mAh/g) current of:
0.3 mA/cm? 335 325 302 294
2.0 mA/cm? 330 319 288 280
4.0 mA/cm? 312 292 245 219
6.0 mA/cm?” 280 220 180 105
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It1s apparent from Tables 1 and 2 that the lithium secondary
batteries using the first, second and third graphite particles of
this invention are higher in discharge capacity, smaller in the
irreversible capacity of the first cycle and more excellent 1n
cycle characteristics and rapid charge-discharge characteris-
tics than that of Example 7.

In Examples 8 to 11 presented below, there are studied the
use of the fourth graphite particle of this invention as a graph-
ite particle, and the use of the first negative electrode material
for lithium secondary battery of this invention as a negative
clectrode material for lithtum secondary battery.

EXAMPLE 8

(1) Preparation of Graphite Particles

Fifty parts by weight of coke powder having a mean par-
ticle diameter of 10 um, 20 parts by weight of tar pitch, 12
parts by weight of 1ron oxide having a mean particle diameter
of 65 um and 18 parts by weight of coal tar were mixed
together and stirred at 200° C. for one hour. The mixture was
calcined first at 800° C. and then at 2,800° C. 1n an atmo-
sphere of nitrogen, and pulverized to obtain graphite particles
having a mean particle diameter of 20 um. According to a
scanning electron microscopic photograph (SEM photo-
graph) of the graphite particles thus obtained, the graphite
particle had a structure in which a plurality of flat-shaped
particles were assembled or bound together so that the planes
of orientation were not parallel to one another. On hundred
particles were selected at random, and mean value of aspect
rat1o was calculated to obtain a result o1 1.7. As measured by
X ray broad angle diffraction of the graphite particles, the
interlaminar distance d (002) of the crystal was 3.360 A, and
the crystallite size 1n the direction of plane La (110) was 720
A and the crystallite size in the c-axis direction Lc (002) was

1,800 A.

(2) Preparation of Lithium Secondary Battery

The lIithtum secondary battery shown 1n FIG. 2 was pre-
pared 1n the following manner. A paste of a mixture for
forming a positive electrode was prepared by using 88% by
weilght of Li1CoQO, as a positive electrode active matenal, 7%
by weight of flaky natural graphite having a mean particle
diameter of 1 um as an electroconductive material and 5% by
weight of polyvinylidene fluoride (PVDP) as a binder, adding,
thereto N-methyl-2-pyrrolidone and homogenizing the mix-
ture. Similarly, a paste of a mixture for forming a negative
clectrode was prepared by using 90% by weight of the graph-
ite powder obtamned in (1) as a negative electrode active
material and 10% by weight of PVDF as a binder, adding
N-methyl-2-pyrrolidone, and homogenizing the mixture.

Subsequently, the paste of the mixture for forming a posi-
tive electrode obtained above was coated onto both sides of an
aluminum fo1l having a thickness of 25 um and vacuum-dried
at 120° C. for one hour. After dryness, press-molding using a
roller press was carried out to adjust the thickness to 190 um.
The coating amount of the mixture for forming a positive
electrode per unit area was 49 mg/m~. Cutting into a size of 40
mm (wi1dth)x285 mm (length) gave positive electrode 1, pro-
vided that both terminal portions, each having a length of 10
mm, of the positive electrode 1 were not coated with the
mixture for forming a positive electrode, so that the aluminum
to1l was exposed there. A positive electrode tab 4 was contact-
bonded to one of the terminal portions by the method of
ultrasonic bonding.

On the other hand, the paste of the mixture for forming a
negative electrode obtained above was coated on both sides of
a copper foil having a thickness of 10 um and then vacuum-
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dried at 120° C. for one hour. After dryness, an electrode was
formed by press-molding by means of a roller press and
thickness was adjusted to 175 um. The coating amount of the
mixture for forming a negative electrode per unit area was 20
mg/cm”. Cutting into a size of 40 mm (width)x290 mm
(length) gave a negative electrode 2. Like in the positive
clectrode 1, both terminal portions each having a length of 10
mm of the negative electrode 2 thus obtained were not coated
with the mixture for forming a negative electrode, so that
copper o1l was exposed there. A negative electrode tab S was
contact-bonded to one of these portions by the method of
ultrasonic bonding.

As the separator 3, a micro-porous film made of polyeth-
ylene having a thickness of 25 um and a width of 44 mm was
used. Subsequently, as shown 1n FIG. 1, positive electrode 1,
separator 3, negative electrode 2 and separator 3 were suc-
cessively superposed and rolled up to form an electrode
group. The electrode group was inserted mto a Single-3 size
battery can 7, a negative tab 5 was bonded to the can bottom
by welding, and a squeezed portion was provided for caulking
a posttive electrode lid 6. Then, an electrolytic solution (not
shown 1n drawing) prepared by dissolving 1 mol/liter of
lithium hexatluorophosphate 1n 1:1 mixture of ethylene car-
bonate and dimethyl carbonate was poured into the battery
can 7, a positive electrode tab 4 was bonded to the positive
clectrode lid 6, and then positive electrode 1id 6 was caulked
to obtain a lithium secondary battery.

Using the lithium secondary battery obtained above, a
charge-discharge test was repeatedly carried out at a charge-
discharge current of 300 mA, a final charge voltage o1 4.15V
and a final discharge voltage of 2.8 V. Further, a rapid charge-
discharge test was carried out while changing the charge-
discharge current 1n the range of 300 mA to 600 mA, and the
discharge capacity per unit weight of graphite particles in the
first cycle and the maintenance rate of discharge capacity per
unmt weight of graphite particles i the 100th cycle were
measured. The results are shown 1n Table 3.

EXAMPLE 9

Fiity five parts by weight of coke powder having a mean
particle diameter of 10 um, 22 parts by weight of tar pitch, 8
parts by weight of boron nitride having a mean particle diam-
cter of 25 um and 13 parts by weight of coal tar were mixed

together and stirred at 200° C. for one hour. The mixture was
calcined first at 800° C. and then at 2,800° C. 1n an atmo-
sphere ol nitrogen and pulverized to obtain graphite particles
having a mean particle diameter of 20 um. According to a
scanning e¢lectron microscopic photograph (SEM photo-
graph), the graphite particles thus obtained had a structure 1n
which flat-shaped particles were assembled or bound together
so that the planes of ornientation were not parallel to one
another. One hundred particles were selected at random, and
mean value of aspect ratio was calculated to obtain a result of
1.5. According to X ray broad angle diffraction of the graphite
particles thus obtained, the interlaminar distance d (002) of
the crystal was 3.363 A and the crystallite size 1n the plane
direction La (110) was 560 A and crystallite size in the c-axis

direction Lc (002) was 1,760 A.

A Iithium secondary battery was prepared from the graph-
ite particles thus obtamned by the same procedure as 1n
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Example 8, and battery characteristics thereof were examined
in the same manner as in Example 8. The results are shown 1n

Table 3.

EXAMPL.

10

(Ll

Fifty seven parts by weight of coke powder having a mean
particle diameter of 15 um, 23 parts by weight of tar pitch and
20 parts by weight of coal tar were mixed together and stirred
at 200° C. for one hour. The mixture was calcined first at 800°
C. 1n an atmosphere of mitrogen and then at 2,600° C. 1n an
atmosphere of nitrogen, and pulverized to obtain graphite
particles having a mean particle diameter of 20 um. Accord-
ing to a scanning electron microscopic photograph, the graph-
ite particles thus obtained had a structure in which a plurality
of flat-shaped particles were assembled or bound together so
that the planes of orientation were not parallel to one another.
One hundred particles were selected at random, and mean
value of aspect ratio thereof was measured to obtain aresult of
2.0. According to x ray broad angle diffraction of the graphite
particles thus obtained, the interlaminar distance d (002) of
the crystal was 3.390 A and the crystallite size 1n the plane
direction La (110) was 460 A and crystallite size in the c-axis

direction Lc (002) was 300 A.

A lithium secondary battery was prepared from the graph-
ite particles thus obtamned by the same procedure as in
Example 8, and battery characteristics thereof were examined
in the same manner as 1n Example 9. The results are shown 1n

Table 3.

EXAMPL.

L1l

11

Graphite particles having a mean particle diameter of 20
um were prepared by repeating the procedure of Example 10,
except that the calcination was carried out at 3,000° C.
According to a scanning electron microscopic photograph,
the graphite particles thus obtained had a structure 1n which a
plurality of flat-shaped particles were assembled or bound
together so that the planes of orientation were not parallel to
one another. One hundred particles were selected at random,
and mean value of aspect ratio thereof was measured to obtain
a result of 2.2. According to X ray broad angle diffraction of
the graphite particles thus obtained, the interlaminar distance
d (002) of the crystal was 3.357 A, and the crystallite size in
the plane direction La (110) was 1,730 A and crystallite size
in the c-axis direction Lc (002) was 2,050 A.

A lithium secondary battery was prepared from the graph-
ite particles thus obtained by the same procedure as in
Example 8, and battery characteristics thereof were examined
in the same manner as 1n Example 1. The results are shown 1n

Table 3.

TABLE 3
Exam- Exam- Exam- Exam-
ple 8 ple 9 ple 10 plell
Charge- Discharge capacity 722 688 467 730
discharge (mAh)
voltage Maintenance of 81 80 70 78
300 (mA) discharge capacity
in the 100th cycle
(o)
Charge- Discharge capacity 688 669 359 380
discharge (mAh)
voltage Maintenance of 79 78 64 66
600 (mA) discharge capacity

in the 100th cycle
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It 1s apparent from Table 3 that the lithium secondary
batteries using the fourth graphite particle of this invention
show a high discharge capacity at a charge-discharge current
of 300 mA and retain 70% or more of the high discharge
capacity even at an enhanced charge-discharge current of 600
mA, exhibiting excellent rapid charge-discharge characteris-
tics.

In Examples 12 to 13, there are studied the use of the fifth
and sixth graphite particles of this invention as a graphite
particle and the use of the first negative electrode material for
lithium secondary battery of this invention as a negative elec-
trode material for lithium secondary battery.

EXAMPLE 12

Forty parts by weight of a coke powder having a mean
particle diameter of 5 um, 25 parts by weight of tar pitch, 5
parts by weight of silicon carbide having a mean particle
diameter of 48 um and 20 parts by weight of coal tar were
mixed together and stirred at 200° C. for one hour. The mix-
ture was calcined at 2,800° C. in an atmosphere of nitrogen
and pulverized to obtain graphite particles having a mean
particle diameter of 30 um. Using Shimadzu Poresizer 9320,
pore size distribution of the graphite particles thus obtained
was measured by the mercury porosimeter method to find that
the pore size covered arange of 10° to 10° A, and the total pore
volume per weight of graphite particle was 0.6 cc/g. Further,
the pore volume of the pores having a pore size of 1x10° to
2x10%* A was 0.20 cc/g per weight of graphite particles. One
hundred particles were selected at random, and mean value of
aspect ratio thereof was measured to obtain aresult of 1.5. As
measured by BET method, the specific surface area of graph-
ite particles was 1.5 m*/g. As measured by X ray broad angle
diffraction of the graphite particles, the interlaminar distance
d (002) of the crystal was 3.362 A, and the crystallite size Lc
(002) was 1,000 A or above. Further, according to a scanning
clectron microscopic photograph (SEM photograph), the
graphite particles had a structure 1n which a plurality of flat-
shaped particles were assembled or bound together so that the
planes of orientation were not parallel to one another.

Subsequently, a graphite paste was prepared by kneading
90% by weight of the graphite particles obtained above
together with 10% by weight, as expressed by weight of solid
component, of a solution of polyvinylidene fluoride (PVDEF)
in N-methyl-2-pyrrolidone. The graphite paste was coated
onto a rolled copper foil having a thickness of 10 um, dried,
and compression-molded under a surface pressure of 490
MPa (0.5 ton/cm?) to obtain a sample electrode. Thickness of
the graphlte layer and density were adjusted to 90 um and 1.6
g/cm’, respectively.

The sample electrode thus obtained was subjected to a
constant current charge-discharge test by the 3-terminals
method for the purpose of evaluation as a negative electrode
for lithium secondary battery. F1G. S 1s an outlined view of the
lithium secondary battery. Evaluation of the sample electrode
was carried out as shown 1n FIG. § by introducing, into glass
cell 1, a 1 mol/liter solution of LiPF, 1n 1:1 (by volume)
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) as an electrolytic solution 2, disposing a laminate of
sample electrode 3, separate 4 and counter electrode 5, and
hanging a reference electrode 6 up-to-down to form a lithium
secondary battery. As the counter electrode 5 and reference
clectrode 6, metallic lithium was used. As the separator 4, a
micro-porous polyethylene film was used. Using the lithium
secondary battery thus obtained, charging at a constant cur-
rent of 0.5 mA/cm? (per area of sample electrode) was carried
out until the voltage between sample electrode 3 and counter




US 7,700,239 B2

21

electrode 5 reached S mV (Vvs. Li/LL17) and then discharging
was carried out until the voltage reached 1 V (Vvs. L1/L17),
and this cycle was repeated to make a test. Table 4 illustrates
the charge capacity and discharge capacity per unit weight of
graphite particles 1n the first cycle, and the discharge capacity
per unit weight of graphite particles in the 30th cycle.

EXAMPL.

(Ll

13

Fifty parts by weight of a coke powder having a mean
particle diameter of 20 um, 20 parts by weight of pitch, 7 parts
by weight of silicon carbide having a mean particle diameter
of 48 um and 10 parts by weight of coal tar were mixed
together and stirred at 200° C. for one hour. The mixture was
calcined at 2,800° C. in an atmosphere of nitrogen and pul-
verized to obtain graphite particles having a mean particle
diameter of 30 um. A pore size distribution measurement by
the mercury porosimeter method using Shimadzu Poresizer
9320 revealed that the graphite particles thus obtained had
pores covering a range of 10% to 10° A, and the total pore
volume per weight of graphite particles was 1.5 cc/g. The pore
volume of pores having a size falling in the range of 1x10° to
2x10% A was 0.13 cc/g per weight of graphite particles. One
hundred graphite particles were selected therefrom at random
and the mean value of aspect ratio was measured to obtain a
result of 2.3. As measured by BE'T method, specific surface
area of the graphite particles was 3.6 m*/g. As measured by X
ray broad angle difiraction of the graphite particles, inter-
laminar distance d (002) of the crystal was 3.361 A, and the
crystallite size Lc (002) was 1,000 A or above. The graphite
particles thus obtained had a structure 1n which a plurality of
flat-shaped particles were assembled or bound together so
that the planes of orientation were not parallel to one another.

Thereafter, a lithium secondary battery was prepared by the
same procedure as in Example 12, and tested in the same
manner as in Example 12. Table 4 1llustrates the charge capac-
ity and discharge capacity per unit weight of graphite par-
ticles 1n the first cycle and the discharge capacity per unit
weight of graphite particles 1 the 30th cycle.

EXAMPL.

(Ll

14

Meso Carbon Microbeads (manufactured by Kawasaki
Steel Corporation, trade name KMFC) was calcined in an
atmosphere of nitrogen at 2,800° C. to obtain graphite par-
ticles having a mean particle diameter of 25 um. Using Shi-
madzu Poresizer 9320, pore size distribution of the graphite
particles thus obtained was determined by mercury porosim-
cter method. As a result, the graphite had pores covering a
range of 107 to 10° A, and the total pore volume per weight of
graphite particles was 0.35 cc/g. The pore volume of the pores
having a size falling in the range of 1x107 to 2x10* A was 0.06
cc/g per weight of graphite particles. One hundred graphite
particles were selected therefrom at random, and mean value
of aspect ratio was measured to obtain a result of 1. As
measured by BET method, specific surface area of the graph-
ite particles was 1.4 m*/g. As measured by x ray broad angle

diffraction of the graphite particles, the interlaminar distance
d (002) of the crystal was 3.378 A and the crystallite size Lc

(002) was 500 A.

A lithium secondary battery was prepared by repeating the
procedure of Example 12, and tested 1n the same manner as in
Example 12. Table 4 illustrates the charge capacity and dis-
charge capacity per unit weight of the graphite particles in the
first cycle, and the discharge capacity per unit weight of the
graphite particles 1n the 30th cycle.
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EXAMPLE 15

Fifty parts by weight of coke powder having a mean par-
ticle diameter of 5 um, 10 parts by weight of pitch, 30 parts by
weilght of 1rron oxide having a mean particle diameter of 65 um
and 20 parts by weight of coal tar were mixed together and
stirred at 200° C. for one hour. The mixture was calcined at
2,800° C. 1n an atmosphere of nitrogen and then pulverized to
obtain graphite particles having a mean particle diameter of
15 um. Using Shimadzu Poresizer 9320, pore size distribu-
tion of the graphite particles thus obtained was determined by
the mercury porosimeter method to reveal that the graphite
particles had pores covering a range of 10° to 10° A, the total
pore volume per unit weight of graphite particles was 2.1
cc/g, and the pore volume of the pores having a size falling 1n
the range of 1x10” to 2x10* A was 0.42 cc/g per weight of
graphite particles. One hundred particles were selected there-
from at random, and mean value of aspect ratio was measured
to obtain a result of 2.8. As measured by BET method, spe-
cific surface area of the graphite particles was 8.3 m*/g. As
measured by X ray broad angle diffraction of graphite par-
ticles, the interlaminar distance d (002) of the crystal was
3.365 A, and the crystallite size Lc (002) was 1,000 A or
above.

Subsequently, a lithium secondary battery was prepared by
the same procedure as in Example 12 and tested in the same
manner as 1n Example 12. Table 4 illustrates charge capacity
and discharge capacity per umt weight of the graphite par-
ticles 1n the first cycle, and the charge capacity per unit weight
of graphite particles in the 30th cycle.

TABLE 4
Example Example Example Example

12 13 14 15
Charge capacity in 392 380 321 384
the first cycle (mAh/g)
Discharge capacity in 353 345 288 338
the first cycle (mAh/g)
Discharge capacity in 346 338 159 286

the 30th cycle (mAh/g)

It 1s apparent from Table 4 that the lithium secondary
batteries using the fifth and sixth graphite particles of this
invention have a high capacity and are excellent 1n cycle
characteristics.

In Examples 16 to 21, there are studied the use of the
second negative electrode material for lithium secondary bat-
tery of this invention as a negative electrode material for
lithium secondary battery.

EXAMPLE 16

Fiity parts by weight of coke powder having a mean par-
ticle diameter of 8 um, 20 parts by weight of tar pitch, 5 parts
by weight of silicon carbide and 15 parts by weight of coal tar
were mixed together and stirred at 100° C. for one hour. The
mixture was calcined at 2,800° C. 1n an atmosphere of nitro-
gen and pulverized to obtain graphite particles having a mean
particle diameter of 25 um. One hundred particles were
selected therefrom at random and the mean value of aspect
ratio was measured to obtain a result of 1.5. As measured by
BET method, specific surface area of the graphite particles
was 2.1 m” ng. As measured by x ray broad angle diffraction
of the graphite particles, interlaminar distance d (002) of the
crystal was 3.365 A, and the crystallite size Lc (002) was
1,000 A or above. The graphite particles thus obtained had a




US 7,700,239 B2

23

structure 1 which a plurality of flat-shaped particles were
assembled or bound together so that the planes of orientation
were not parallel to one another.

Subsequently, a graphite paste was prepared by kneading
90% by weight of the graphite particles obtained above
together with 10% by weight, as expressed by weight of solid
component, of a solution of polyvinylidene fluoride (PVDF)
in N-methyl-2-pyrrolidone. The graphite paste was coated
onto arolled copper 101l having a thickness of 10 um, dried to
remove the N-methyl-2-pyrrolidone, and compressed under a
pressure of 30 MPa to obtain a sample electrode. Thickness of
the graphite-PVDF mixture layer and density were adjusted
to 80 um and 1.55 g/cm’, respectively. The sample electrode
thus obtained was subjected to a constant current charge-
discharge test by the 3-terminals method for the purpose of
evaluation as a negative electrode for lithium secondary bat-
tery. FIG. 5 1s an outlined view of the lithium secondary
battery. Evaluation of the sample electrode was carried out as
shown 1n FIG. 5 by introducing, into glass cell 1, a 1 mol/liter
solution of LiPF, 1n 1:1 (by volume) mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) as an electro-
lytic solution 2, disposing a laminate of sample electrode 3,
separate 4 and counter electrode 5, and hanging a reference
clectrode 6 up-to-down to form a lithium secondary battery.
As the counter electrode 5 and reference electrode 6, metallic
lithium was used. As the separator 4, a micro-porous poly-
cthylene film was used. Using the lithium secondary battery
thus obtained, charging was carried out at a constant current
of 0.2 mA/cm” (per area of the graphite particle-PVDF mix-
ture 1n sample electrode) until the voltage between sample
clectrode 3 and counter electrode 5 reached 5 mV (Vvs.
L1/L1%) and discharging was carried out until the voltage
reached 1V (Vvs. Li/Li1%). Although this cycle was repeated
50 times to make a test, no decrease 1n discharge capacity was
noticeable. Further, as an evaluation of rapid charge-dis-
charge characteristics, charging was carried out at a constant
current of 0.3 mA/cm” and then discharging was carried out at
a varied discharging current of 0.5, 2.0, 4.0 and 6.0 mA/cm”.
The relation between discharge capacity and volume of
graphite particle-PVDF mixture 1s shown 1n Table 5.

EXAMPL.

L1

17

A sample electrode was prepared by repeating the proce-
dure of Example 16, except that the compression force under
press was altered to 40 MPa. In the sample electrode thus
obtained, thickness of the graphite particle-PVDF mixture
was 80 um, and density thereof was 1.63 g/cm”.

Subsequently, a lithium secondary battery was prepared by
repeating the procedure of Example 16, and a test was carried
out 1n the same manner as in Example 16. As a result, no
decrease 1n discharge capacity was noticeable. Further, as an
evaluation of rapid charge-discharge characteristics, charging
was carried out at a constant current of 0.3 mA/cm? and then
discharging was carried out at a varied discharge current of

0.5, 2.0, 4.0 and 6.0 mA/cm”. The discharge capacities were
as shown 1n Table 5.

EXAMPL.

L1l

18

A sample electrode was prepared by the same processes as
in Example 1, except that the compression force of press was
altered to 80 MPa. In the sample electrode thus obtained,
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thickness of the mixture of graphite particles and PVDEF was
80 um and density thereof was 1.75 g/cm”.

Subsequently, a lithium secondary battery was prepared by
the same processes as 1n Example 16, and tested in the same
manner as 1n Example 16. As a result, no decrease 1n dis-
charge capacity was observed. For evaluating the rapid
charge-discharge characteristics, charging was carried out at
a constant current of 0.3 mA/cm? and discharging was carried
out at a varied discharge current of 0.5, 2.0, 4.0 and 6.0
mA/cm”. The discharge capacities were as shown in Table 5.

EXAMPLE 19

A sample electrode was prepared by the same procedure as
in Example 16, exceptthat the compression force of press was
altered to 100 MPa. In the sample electrode thus obtained,
thickness of the mixture of graphite particles and PVDF was
80 um and density thereof was 1.85 g/cm’.

Subsequently, a lithium secondary battery was prepared by
the same procedure as 1n Example 16, and tested 1n the same
manner as in Example 16. As a result, no decrease in dis-
charge capacity was observed. For evaluating the rapid
charge-discharge characteristics, charging was carried out at
a constant current of 0.3 mA/cm~ and discharging was carried
out at a varied discharge current of 0.5, 2.0, 4.0 and 6.0
mA/cm”. The discharge capacities were as shown in Table 5.

EXAMPLE 20

A sample electrode was prepared by the same procedure as
in Example 16, except that the compression force of press was
altered to 20 MPa. In the sample electrode thus obtained,
thickness of the mixture of graphite particles and PVDF was
80 um and density thereof was 1.45 g/cm”.

Subsequently, a lithium secondary battery was prepared by
the same procedure as 1n Example 16, and tested 1n the same
manner as in Example 16. As a result, no decrease in dis-
charge capacity was observed. For evaluating the rapid
charge-discharge characteristics, charging was carried out at
a constant current of 0.3 mA/cm” and discharging was carried
out at a varied discharge current of 0.5, 2.0, 4.0 and 6.0
mA/cm”. The discharge capacities were as shown in Table 3.

EXAMPLE 21

A sample electrode was prepared by the same procedure as
in Example 16, except that the compression force of press was
altered to 140 MPa. In the sample electrode thus obtained,
thickness of the mixture of graphite particles and PVDF was
80 um and density thereof was 1.93 g/cm’

Subsequently, a lithium secondary battery was prepared by
the same procedure as 1n Example 16, and tested 1n the same
manner as 1n Example 16. As a result, a 15.7% decrease of
discharge capacity was observed. For evaluating the rapid
charge-discharge characteristics, charging was carried out at
a constant current of 0.3 mA/cm? and discharging was carried
out at a varied discharge current of 0.5, 2.0, 4.0 and 6.0
mA/cm”. The discharge capacities were as shown in Table 5.
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TABLE 5
Example Example Example Example
16 17 18 19

Density of graphite 1.55 1.63 1.75 1.85
particle/organic binder
mixture (g/cm?>)
Discharge At a discharge
capacity current of:
(mAh/ecm?) 0.5 mA/cm? 542 562 570 587

2.0 mA/cm? 524 546 553 566

4.0 mA/cm? 500 522 528 512

6.0 mA/cm? 468 484 478 470

15

As shown 1n Table 5, it 1s apparent that the lithium second-
ary batteries using the second negative electrode for lithium
secondary battery of this invention are high in discharge
capacity and excellent 1n rapid charge-discharge characteris-
tics.

In Examples 22 to 29, there 1s studied a use of the third
negative electrode material for lithium secondary battery of
this 1nvention as a negative electrode material for lithium
secondary battery.

EXAMPLE

22

Fifty parts by weight of coke powder having a mean par-
ticle diameter of 10 um, 20 parts by weight of tar pitch, 5 parts
by weight of silicon carbide and 15 parts by weight of coal tar
were mixed together and stirred at 100° C. for one hour. The
mixture was calcined in an atmosphere of nitrogen at 3,000°
C. and pulverized to obtain graphite particles having a mean
particle diameter of 25 um. One hundred particles were
selected therefrom at random, and mean value of aspect ratio
was measured to obtain a result of 1.3. As measured by BET
method, specific surface area of the graphite particles thus
obtained was 1.9 m*/g. As measured by X ray broad angle
diffraction of the graphite particles, the interlaminar distance
d (002) of the crystal was 3.36 A, and the crystallite size Lc
(002) was 1,000 A or above. Further, according to a scanning,
clectron microscopic photograph (SEM photograph) of the
graphite particles thus obtained, the graphite particles had a
structure 1n which a plurality of flat-shaped particles were
assembled or bound together so that the planes of orientation
were not parallel to one another.

Subsequently, 89% by weight of the graphite particles thus
obtained was kneaded together with 11% by weight, as
expressed by the weight of solid component, of a solution of
polyvinylidene fluoride (PVDF) 1n N-methyl-2-pyrrolidone
to obtain a graphite paste. The graphite paste was coated onto
a rolled copper foil having a thickness of 10 um, dried, and
compressed by means of rollers to obtain a sample electrode
in which thickness of the graphite particle-PVDF mixture
was 80 um and density thereof was 1.5 g/cm”.

The sample electrode thus prepared was subjected to a
constant current charge-discharge test by 3-terminals method
to evaluate 1ts performance as a negative electrode for lithium
secondary battery. FIG. 5 1s an outlined view of the lithium
secondary battery. The sample electrode was evaluated by
preparing an electrolytic solution 2 consisting of LiPF dis-
solved1n 1:1 (by volume) mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) so that concentration of said
solution came to 1 mol/liter, introducing the resulting solu-
tion nto a glass cell 1 as shown 1n FI1G. 5, laminating a sample
clectrode 3, a separator 4 and a counter electrode 5, and
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Example Example
20 21
1.45 1.93

509 527
493 481
473 416
4472 360

hanging a reference electrode 6 up-to-down to prepare a
lithium secondary battery. Metallic lithium was used as the
counter electrode 5 and the reference electrode 6; and a
micro-porous polyethylene film was used as the separator 4.
Using the lithium secondary battery thus obtained, charging
at a constant current of 0.3 mA/cm® (per area of graphite
particle-PVDF mixture in the sample electrode) was carried
out until the voltage between sample electrode 3 and counter
electrode 5 reached 5 mV (Vvs. Li/LL17) and then discharging
was carried out at a constant current of 0.3 mA/cm” until the
voltagereached 1V (Vvs. Li/LL17"), and this cycle was repeated
to make a test. Table 6 illustrates the discharge capacity per
unit weight of graphite particles, the discharge capacity per
unit weight of graphite particle-PVDF mixture, and the dis-
charge capacity per unit weight of graphite particle-PVDEF
mixture 1n the 350th cycle. Further, as an evaluation of the
rapid charge-discharge characteristics, Table 6 also 1llustrates
the discharge capacity in an experiment of charging at a

constant current of 0.3 mA/cm” followed by discharging at a
current of 3.0 mA/cm”.

EXAMPLE 23

A graphite paste was prepared by kneading 87% by weight
of the graphite particles obtained in Example 22 together with
13% by weight, as expressed by the weight of solid compo-
nent, of polyvinylidene fluoride (PVDF) dissolved in N-me-
thyl-2-pyrrolidone. Thereafter, the procedure of Example 22
was repeated to obtain a sample electrode in which thickness
of the graphite particle-PVDF mixture layer was 80 um and
density thereof was 1.5 g/cm”.

Then, a lithium secondary battery was prepared by the
same procedure as 1n Example 22, and tested in the same
manner as in Example 22. The results are shown in Table 6.

EXAMPLE 24

A graphite paste was prepared by kneading 85% by weight
of the graphite particles obtained 1n Example 22 together with
15% by weight, as expressed by the weight of solid compo-
nent, of polyvinylidene tfluoride (PVDEF) dissolved 1n N-me-
thyl-2-pyrrolidone. Thereatter, the procedure of Example 22
was repeated to obtain a sample electrode 1n which thickness
of the graphite particle-PVDF mixture layer was 80 um and
density thereof was 1.5 g/cm”.

Then, a lithium secondary battery was prepared by the
same procedure as in Example 22, and tested in the same
manner as 1n Example 22. The results are shown 1n Table 6.

EXAMPLE 25

A graphite paste was prepared by kneading 82% by weight
of the graphite particles obtained 1n Example 22 together with
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18% by weight, as expressed by the weight of solid compo-
nent, of polyvinylidene fluoride (PVDF) dissolved in N-me-
thyl-2-pyrrolidone. Thereatter, the procedure of Example 22
was repeated to obtain a sample electrode 1n which thickness
of the graphite particle-PVDF mixture layer was 80 um and
density thereof was 1.5 g/cm”.

Then, a lithium secondary battery was prepared by the
same procedure as in Example 22, and tested in the same
manner as 1n Example 22. The results are shown in Table 6.

EXAMPLE

26

A graphite paste was prepared by kneading 80% by weight
of the graphite particles obtained 1n Example 22 together with
20% by weight, as expressed by the weight of solid compo-
nent, of polyvinylidene fluoride (PVDF) dissolved 1n N-me-
thyl-2-pyrrolidone. Thereafter, the procedure of Example 22
was repeated to obtain a sample electrode 1n which thickness
of the graphite particle-PVDF mixture layer was 80 um and
density was 1.5 g/cm”.

Then, a lIithium secondary battery was prepared by the
same procedure as 1n Example 22, and tested in the same
manner as 1n Example 22. The results are shown in Table 6.

EXAMPLE

27

A graphite paste was prepared by kneading 92% by weight
of the graphite particles obtained 1n Example 22 together with

Example
22

Content of PVDF (%) based on
graphite particle/PVDF
(organic binder) mixture
Discharge capacity (mAh/g)
per unit weight of graphite
particles (at discharge
current of 0.3 mA/cm?)
Discharge capacity (mAh/g)
per unit weight of graphite
particle/PVDF mixture (at
discharge current of 0.3
mA/cm?)

Discharge capacity (mAh/g)
per unit weight of graphite
particle/PVDF mixture in the
50th cycle (at discharge
current of 0.3 mA/cm?)
Discharge capacity (mAh/g)
per unit weight of graphite
particle/PVDF mixture (at
discharge current of 3.0

mA/cm?)

10

325

293

287

267

8% by weight, as expressed by the weight of solid component,
of polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-
pyrrolidone. Thereafter, the procedure of Example 22 was

repeated to obtain a sample electrode 1n which thickness of
the graphite particle-PVDF mixture layer was 80 um and

density thereof was 1.5 g/cm”.

Then, a lithium secondary battery was prepared by the
same procedure as 1n Example 22, and tested in the same
manner as 1n Example 22. The results are shown in Table 6.
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EXAMPLE 28

A graphite paste was prepared by kneading 97.5% by
weight of the graphite particles obtained 1n Example 22
together with 2.5% by weight, as expressed by the weight of
solid component, of polyvinylidene fluoride (PVDF) dis-
solved 1n N-methyl-2-pyrrolidone. Thereatter, the procedure
of Example 22 was repeated to obtain a sample electrode 1n
which thickness of the graphite particle-PVDF mixture layer
was 80 um and density was 1.5 g/cm”.

Then, a lithium secondary battery was prepared by the
same procedure as 1n Example 22, and tested in the same
manner as in Example 22. The results are shown in Table 6.

EXAMPLE 29

A graphite paste was prepared by kneading 78% by weight
of the graphite particles obtained in Example 22 together with
22% by weight, as expressed by the weight of solid compo-
nent, of polyvinylidene fluoride (PVDF) dissolved in N-me-
thyl-2-pyrrolidone. Thereatter, the procedure of Example 22
was repeated to obtain a sample electrode 1n which thickness
of the graphite particle-PVDF mixture layer was 80 um and
density thereof was 1.5 g/cm’.

Then, a lithium secondary battery was prepared by the
same procedure as 1n Example 22, and tested in the same
manner as in Example 22. The results are shown in Table 6.

TABL.

T

Example
29

Example
28

Example
27

Example
26

Example
25

Example
24

15 1% 20 8 2.5 22

355 359 363 320 275 335

302 294 290 294 2067 201

295 292 286 265 134 252

280 278 271 250 160 232

As shown 1n Table 6, 1t 1s apparent that the third lithium
secondary battery of this invention 1s high in capacity and
excellent 1n rapid charge-discharge characteristics and cycle
characteristics.

INDUSTRIAL APPLICABILITY

The graphite particles of this invention are suitable for use
in lithium secondary batteries excellent 1n rapid charge-dis-
charge characteristics and cycle characteristics.
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Further, the graphite particles of this invention are suitable
for use 1n lithium secondary batteries small 1n the 1irreversible
capacity in the first cycle and excellent 1n cycle characteris-
tics.

Further, according to the process of this mnvention for pro-
ducing graphite particles, there can be obtained graphite par-
ticles suitable for use 1n lithtum secondary batteries excellent
in rapid charge-discharge characteristics and cycle character-
istics or lithtum secondary batteries small 1n the 1rreversible
capacity of the first cycle and excellent 1n cycle characteris-
tics or lithium secondary batteries small in the 1rreversible
capacity of the first cycle and excellent in rapid charge-dis-
charge characteristics and cycle characteristics.

Further, the graphite paste of this invention 1s suitable for
use 1n lithium secondary batteries excellent in rapid charge-
discharge characteristics and cycle characteristics, or lithium
secondary batteries small 1n the irreversible capacity of the
first cycle and excellent 1n cycle characteristics, or lithium
secondary batteries small 1n the irreversible capacity of the
first cycle and excellent 1n rapid charge-discharge character-
istics and cycle characteristics.

Further, the negative electrode material for lithium second-
ary battery of this invention and the process for production
thereol are suitably applicable to lithium secondary batteries
high 1n capacity and excellent 1n rapid charge-discharge char-
acteristics and cycle characteristics, or lithtum secondary bat-
teries small 1n the 1rreversible capacity of the first cycle and
excellent 1n cycle characteristics, or lithium secondary bat-
teries small 1n the 1rreversible capacity of the first cycle and
excellent 1n rapid charge-discharge characteristics and cycle
characteristics.
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Further, the lithium secondary batteries of this invention
are high 1n capacity and excellent 1n rapid charge-discharge
characteristics and cycle characteristics, or small 1n the irre-
versible capacity of the first cycle and excellent 1n cycle
characteristics, or small 1n the 1irreversible capacity of the first
cycle and excellent 1n rapid charge-discharge characteristics
and cycle characteristics.

We claim:

1. A negative electrode for a lithium secondary battery
obtained by coating a mixture of graphite particles and
organic binder on a current collector, wherein said graphite
particles comprise assembled or bound graphite particles in
cach of which a plurality of flat-shaped particles are
assembled or bound together so that the planes of orientation
are not parallel to one another, and wherein said mixture
comprises 3 to 10 parts by weight of said organic binder per
100 parts by weight of said graphite particles.

2. A negative clectrode for lithum secondary battery
according to claim 1, wherein aspect ratio of the graphite
particle 1s 5 or less.

3. A lithium secondary battery comprising a casing, a cover
and at least one pair of negative and positive electrodes, said
at least one pair of negative and positive electrodes being
disposed through intermediation of separators, and an elec-
trolytic solution disposed in the surroundings thereof,
wherein said negative electrode 1s a negative electrode of
claim 1.
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